Abstract: Patients recovering from hip or knee arthroplasty tend to fall into pathological gait patterns partially caused by pain after the surgery, but also due to the new biomechanics of the joint. To assist in the rehabilitation of the patient to a normal gait, a portable system was developed which, based on the information from wireless wearable sensors, monitors the quality of the gait in real time and classifies the gait as normal or pathological. The system is built as a Wireless Body Area Network (WBAN) composed by a central unit with the algorithms implemented on an iPhone and one or more sensor units integrated into commercially available patellar tendon straps. The system provides an objective assessment of the gait quality to the patient, who is then able to autonomously correct their gait pattern and progressively achieve a complete rehabilitation.
Introduction
Arthrosis is defined as the wear of a joint caused by biological or mechanical factors [1] and is a degenerative disease. Among the main risk factors leading to arthrosis are advanced age and obesity [2] , factors which are on the rise in modern western societies [3] . As a consequence, the already high incidence of arthrosis -in Germany around 5 million adults [2] -is expected to increase even more in the coming years, and with it the number of total endoprosthesis (TEP) surgeries. The rehabilitation needs of this increasing number of patients represents a challenge for the health system and the rehabilitation time under supervision of an expert is likely to suffer. A portable, wearable assistance system which can be used by the patient autonomously and therefore in real life conditions is expected to have great impact in the rehabilitation success of the patient.
Methods
A portable system for gait analysis was developed and is depicted in Fig. 1 . Triaxial-accelerometer based sensor units are integrated into commercially available patellar tendon straps. These units measure the acceleration of the knee and transmit the digital data wirelessly through an integrated ANT sender module. For portability purposes, the sensor units are powered by conventional CR2032 coin cell batteries. On the receiver's end, an iOS device equipped with an ANT dongle receives and saves the data. The real time limping detection algorithms process the incoming data and provide an objective assessment of the gait quality. Furthermore, the saved data can be transferred directly through a network for in-depth offline analysis. After a first stage filtering performed by a low pass filter with a cutoff frequency of 15 Hz, the signal processing algorithms deal with the step detection. The algorithms monitor the incoming acceleration signals looking for distinctive features of gait. If gait is detected, the characteristic events toe-off, heel-strike and toe-strike, which divide the gait in its stance and swing phases, are extracted. For this purpose a second filter is implemented as a combination of a Butterworth low pass 3 rd order filter and a moving average filter with a window length of 150 ms. The extrema of the resulting signal are calculated and subsequently separated from local extrema through the utilization of thresholds. As a last step, the detected extrema can be reconstructed into the original signal and assigned to the relevant events of interest as shown in Fig. 2 .
The extraction of the gait phases allows to perform a stepby-step analysis of the current gait quality. In order to obtain reference data for the classification of the gait as normal or pathological, a group of adults with a healthy gait was asked to walk with a comfortable speed on a 15 m straight course. The data gathered from the steps was averaged and normalized on a time axis, see top of Fig. 3 . Statistical analyses were performed in order to obtain an average normal step, along with allowed deviation (band), as seen in the bottom of Fig. 3 . A set of features is extracted for each step. However, in order to minimize the effect of single outliers, as may be the case with a sudden change of direction while walking, the features of single steps are averaged every 5 seconds during gait. These features were extracted from a set of 15 parameters, as they were found to be the most meaningful while classifying between normal and pathological gait. They include the ratio of the signal amplitudes at Toe-off vs Heel-strike, Toe-off vs Toe-strike, as well as the slope of the swing phase, the negative part of the slope, the positive area under the curve and the similarity of the swing phase to a perfect parabola. A scoring system was introduced, in which for each feature lying outside one standard deviation of the corresponding reference from the normal group the score was increased (+1). As a result, the current gait is assigned a score within a 0-6 scale (<2: normal gait, 2-4: light limping, >4: strong limping).
Results
The algorithms for limping detection have been validated through different test series. During the first testing phase, measurements were performed on a group of 10 patients in rehabilitation after knee or hip replacement surgery. The patients were asked to walk over a straight, 10 m-long path four times. Video analysis and the assessment from an expert regarding the quality of the gait during each of the four trials were used as a reference for the algorithms. The output from the latter was used to classify the gait in one of three categories: normal gait (NG), light limping (LL) or strong limping (SL). The detection of the gait phases was successful on 87% for NG, 100% for LL and 96% for SL, totaling a detection rate of 92%. In the case of LL, 75% of the cases were correctly identified by the system, whereas for SL the limping detection worked flawlessly at 100%.
Discussion
The ability of the developed system to quantify the quality of the gait has been demonstrated in first test series, thus providing a valuable, easy to use tool for the objective as- sessment of gait during the rehabilitation. The system hardware and software have been continuously optimized for adequate portability and comfort as well as better detection algorithms, respectively. The latter have evolved to quantify more precisely the gait quality, allowing not only the detection of pathological gait, but also providing valuable information regarding the severity of the abnormality. Additional test series are being carried out, which should give insights into the effect of such quantitative and objective information in both the rehabilitation phase in the clinic, as well as in the residential setting, where the system can be used to provide a direct feedback to the patient regarding the quality of the gait in daily living situations.
